The striatum integrates information from multiple brain regions to shape motor learning. The two major projection cell types in striatum target different downstream basal ganglia targets and have opposing effects on motivated behavior, yet differential innervation of these neuronal subtypes is not well understood. To examine whether input specificity provides a substrate for information segregation in these circuits, we used a monosynaptic rabies virus system to generate brain-wide maps of neurons that form synapses with direct-or indirect-pathway striatal projection neurons. We discovered that sensory cortical and limbic structures preferentially innervated the direct pathway, whereas motor cortex preferentially targeted the indirect pathway. Thalamostriatal input, dopaminergic input, as well as input from specific cortical layers, was similar onto both pathways. We also confirm synaptic innervation of striatal projection neurons by the raphe and pedunculopontine nuclei. Together, these findings provide a framework for guiding future studies of basal ganglia circuit function.
INTRODUCTION
Output from the dorsal striatum is organized into two primary projection pathways that have opposing effects on movement (Albin et al., 1989; DeLong, 1990; Graybiel, 1995; Hikosaka et al., 2000; Kravitz et al., 2010; Mink, 1996) . The coordinated activity of these two output streams is thought to be critical for learning and performing proper action sequences. Although the two projection cell classes in dorsal striatum, known as medium spiny neurons (MSNs), are intermingled, they can be distinguished by their gene expression and by their downstream projection targets (Beckstead, 1987; Chang et al., 1981; Gerfen et al., 1990; Kawaguchi et al., 1990; Le Moine et al., 1990; Penny et al., 1986; Smith et al., 1998) . Direct-pathway MSNs express the dopamine D1 receptor, and project primarily to pars reticulata of substantia nigra (SNr), as well as sending strong inputs to the entopeduncular nucleus (EP), the rodent homolog of the internal portion of globus pallidus. Indirect-pathway MSNs express the dopamine D2 receptor and send their primary projections to the globus pallidus (GP, external portion in primates). Activation of direct or indirect pathways yields opposing effects on movement, reinforcement, and reward-related behaviors (Ferguson et al., 2011; Hikida et al., 2010; Kravitz et al., 2010 Kravitz et al., , 2012 Lobo et al., 2010) . Although the gross anatomy of striatal input has been thoroughly studied through use of traditional tracers (Bolam et al., 2000; Gerfen, 1984; Graybiel and Ragsdale, 1979; McGeorge and Faull, 1987; Pan et al., 2010; Ragsdale and Graybiel, 1981; Schwab et al., 1977) , these techniques cannot distinguish inputs to specific cell types, nor can they separate synaptic from extrasynaptic input. Moreover, they can often label fibers of passage. Electron microscopy (EM) studies have found some preliminary evidence that input bias into the dorsal striatum may exist (Lei et al., 2004) , but these data can only sample small numbers of synapses in a restricted volume of tissue. We wished to overcome these limitations by utilizing newly developed genetic tools to dissect the inputs to MSN subtypes in dorsal striatum with single cell resolution, at the whole brain level. We sought to determine whether information segregation in the basal ganglia arises at the level of the MSNs in the striatum or whether these two pathways receive asymmetric input that could differentially regulate the activity of one pathway versus the other. These data could provide a starting point for assessing how distinct striatal inputs shape the functional roles of the direct and indirect pathways.
We utilized pathway-specific Cre driver lines (Gong et al., 2007) , combined with a recently described technique that allows us to target specific cell types and label their monosynaptically connected inputs . We then quantified the relative input strengths from brain regions that project directly onto direct-or indirect-pathway MSNs in a central region of dorsal striatum. Together, these data demonstrate specificity of inputs onto distinct projection cell types in the dorsal striatum, and provide motivation for studying the physiological significance of biased input from cortex and the limbic system.
RESULTS

Two-Virus System Enables Targeting of Inputs to Striatal Projection Neuron Subtypes
We utilized a two-virus system, in combination with Creexpressing mouse lines (Gong et al., 2007) , to target genetically specified projection neuron subtypes in the striatum and specifically label their monosynaptic inputs (Haubensak et al., 2010; Wall et al., 2010) . The first virus is a Cre-dependent adenoassociated virus (AAV) that expresses TVA and rabies glycoprotein; these proteins are necessary for infection and monosynaptic spread of a modified rabies virus, respectively. The second virus is a monosynaptic rabies virus that has been modified in two ways: first, the native rabies glycoprotein in the viral membrane has been replaced with an avian sarcoma leucosis virus envelope protein (EnvA), preventing infection of mammalian neurons in the absence of its binding partner, TVA. Second, the glycoprotein gene from the rabies virus genome has been deleted, preventing new particles from spreading retrogradely in the absence of another source of glycoprotein. Once TVA from the AAV is expressed in Cre + neurons, the rabies virus specifically infects these cells. Since the Cre-dependent AAV provides Cre + cells with a source of rabies glycoprotein, newly formed rabies virus particles can spread retrogradely from these Cre + cells to their directly connected inputs. These input cells do not contain Cre (and thus do not express TVA or rabies glycoprotein), preventing the rabies virus from spreading beyond this step. This technique effectively restricts rabies virus infection to only Cre + cells and their direct, monosynaptic inputs. We injected either D1R-Cre mice, D2R-Cre mice, or wild-type C57 control mice with 180 nl of helper virus ( Figure 1A) , followed 3 weeks later with 180 nl of modified rabies virus injected at the same location, but along a different injection tract ( Figure 1B) , to avoid potential double-labeling of dopamine receptor-expressing cells along the injection tract. We then waited one week for the rabies virus to replicate and spread monosynaptically before tissue processing and analysis ( Figure 1C ). We mounted every second section and stained against dsRed to amplify mCherry expression from the rabies virus, and counterstained with a fluorescent Nissl marker (Neurotrace 500/525). We then scanned each slide on a semiautomatic fluorescence slide scanner and counted labeled somata to determine the numbers of retrogradely labeled cells in each brain region. Mice with fewer than 50 input cells originating outside of striatum were excluded from analysis to prevent small number bias, yielding a final data set comprising inputs from 9 D1R-Cre mice and 10 D2R-Cre mice. We specifically selected the GENSAT EY262 D1R-Cre mouse line and the GENSAT ER44 D2R-Cre mouse line due to their near-complete representation of the striatonigral and striatopallidal projection cell populations in dorsal striatum, respectively (Bateup et al., 2010) . Although many other Cre lines targeting dopamine receptor-expressing neurons exist, other lines tend to have sparser label in striatum and may only represent a restricted subset of D1R-or D2R-expressing projection neurons.
Projection Patterns from Directly Infected MSNs Validate Specificity of Rabies Virus Targeting
Direct-pathway MSNs in the dorsal striatum directly project to SNr, with major projections to the EP and a smaller fraction of projections to the GP. As expected, when monosynaptic rabies virus was injected into AAV-infected D1R-Cre mice, dense projections associated with the direct pathway were labeled, terminating in SNr and EP, with some projections to GP (Figure 2A ). Fluorescent label in GP in D1R-Cre mice is a combination of fibers traversing to EP/SNr, direct projections from D1R-expressing MSNs, and projections from monosynaptically connected D2R-expressing MSNs (D2R MSNs are known to frequently form connections onto D1R MSNs [Planert et al., 2010; Taverna et al., 2008] ). When the striatum was examined at higher power, a stark border between striatum and globus pallidus is detectable, emphasizing the specificity of infection to striatal neurons ( Figure 2B ). In contrast, when monosynaptic rabies virus was injected into AAV-infected D2R-Cre animals, projections associated with the indirect pathway were obvious ( Figure 2C ), heavily innervating GP but sparing EP and SNr. Few, if any, direct-pathway MSN axons are visible because D1R/D2R MSN connectivity is extremely low (Planert et al., 2010; Taverna et al., 2008) . At higher power, the sharp border between striatum and globus pallidus was again detectable, but heavy labeling of axon terminals in GP again emphasizes the specificity of virus targeting to indirect-pathway MSNs. The sites of primary injection within the striatum were constrained to the same area of striatum, as diagrammed in (Figures 2E and 2F) and charted in ( Figure 2G ).
As noted above, even though the injection sites were somewhat near the border of GP, genetic restriction of primary infection to either D1R-or D2R-expressing MSNs provided nearly complete restriction of primary infection to dorsal striatum ( Figures 2B and 2D) . A few cells in the GP were sometimes labeled (Figure 2A ), indicating that these cells likely provide direct input to neurons in the dorsal striatum . However, due to their proximity to the injection site, these inputs were not analyzed further. Rabies virus infection was rarely detectable at the injection site in wild-type animals ( Figure S1 ); in two animals injected with AAV9-FLEX-hGTB, some rabies label was detectable near the injection site, likely due to tiny amounts of leak TVA expression. Four animals injected with AAV9-pEF1a-FLEX-GTB had no detectable rabies virus label anywhere in the brain. Wild-type mice never had any label outside of striatum, indicating that rabies glycoprotein is not expressed at high enough levels in the absence of Cre to allow for transsynaptic spread of rabies virus. These observations demonstrate that any label found outside the striatum is due to the monosynaptic spread of rabies virus from Cre + neurons.
The Majority of Inputs to Both the Direct and Indirect Pathways Arise from Cortex and Thalamus Figure 3 summarizes the major long-range inputs onto the direct and indirect pathways in the region of dorsal striatum diagrammed in Figures 2E-2G . Since our helper virus did not allow for direct visualization of the number of starter cells, we only report the percentage of total input provided by any given brain region. Inputs were normalized across each animal to prevent mice with many labeled inputs from overly biasing total input proportion. Only inputs that were detected in at least three mice total (across all mouse types) were included for display. For D1R-Cre mice, 162 ± 24 transsynaptically labeled cells were detected per animal outside of the striatum (n = 9, mean ± 1 SEM); for D2R-Cre mice, 207 ± 29 cells per animal were detected (n = 10, p = 0.3 for D1R versus D2R by two-tailed t test). For WT mice, no cells were detected (n = 6). Corticostriatal neurons comprised the majority of long-range inputs onto both pathways (61.1% of total inputs onto the direct pathway, 69.6% onto the indirect pathway). These inputs arose primarily from the somatosensory and motor cortices, but there was also significant input from prefrontal cortical structures and limbic structures known to project directly into striatum. Dorsolateral striatum is known to receive primarily somatosensory and motor inputs (Kü nzle, 1975; Liles and Updyke, 1985; McGeorge and Faull, 1989) , while dorsomedial striatum is thought to receive a higher proportion of frontal and limbic inputs (Goldman and Nauta, 1977; McGeorge and Faull, 1989; Ragsdale and Graybiel, 1981) . The slight lateral bias of the injection site ( Figure 2F ) likely explains the relative proportion of inputs from various cortical structures. Thalamus provided the majority of the remaining inputs into striatum (22.0% of total inputs onto the direct pathway, 25.5% of total inputs onto the indirect pathway). Although the dorsal striatum receives input from a large number of thalamic nuclei, the majority of thalamostriatal input arose from the medial dorsal and parafascicular nuclei. These inputs correspond well with previous experiments using traditional retrograde tracers to label thalamic inputs to the region of dorsal striatum that we targeted (Erro et al., 1999; Pan et al., 2010; Schwab et al., 1977; Smith et al., 2009 ).
Preferential Innervation of Direct-or Indirect-Pathway Striatal Projection Neurons
We first wished to determine whether there were differences in the excitatory drive onto the direct versus indirect pathway, so we examined the strength of cortical glutamatergic input to D1R-versus D2R-expressing cells. Representative images from three cortical structures (primary sensory [Figures 4A and 4B] and motor cortices [Figures 4C and 4D] , as well as the orbitofrontal cortex [Figures 4E and 4F] ) demonstrate the quality of label obtained via monosynaptic tracing. Due to the slight lateral injection targeting, the chosen injection site is dominated by sensorimotor input, but also contains considerable prefrontal and a small amount of limbic cortical input ( Figure 4G ). We separated the corticostriatal input into four major streams: prefrontal (insular and orbitofrontal cortices, as well as the frontal association area), motor (primary and secondary motor cortices), sensory (primary and secondary somatosensory cortices), and limbic (prelimbic, retrosplenial, cingulate, perirhinal, and entorhinal cortices).
We found that while prefrontal cortical structures provided a similar proportion of input to direct-and indirect-pathway MSNs (21.3% ± 3.3% of total cortical input versus 25.1% ± 2.4% onto D1R cells versus D2R cells, respectively; all reported values are mean ± 1 SEM, p = 0.4 by two-tailed t test), other cortical structures provided considerably biased synaptic input to one stream or the other ( Figure 4G ). Motor cortices provided significantly higher proportions of input to the indirect pathway (28.9% ± 3.3% versus 43.1% ± 3.2%, p = .007). In contrast, somatosensory and limbic cortices tended to provide a stronger proportion of input to the direct pathway (somatosensory: 38.4% ± 3.6% versus 29.3% ± 2.6%, p = 0.05; limbic: 11.3% ± 3.4% versus 2.5% ± 1.2%, p = 0.02). As seen in Figure 3 , biased sensory and motor input almost exclusively arose from the primary cortical structures, whereas all limbic structures appeared to provide a larger proportion of inputs to direct pathway MSNs. These data provide evidence for some segregation of cortical input to the two striatal projection pathways.
To further demonstrate the difference in the proportions of cortical input innervating the direct and indirect pathways, we performed a center of gravity analysis to determine the center of corticostriatal input to D1R and D2R MSNs (see Supplemental Experimental Procedures). Overall, corticostriatal inputs to the direct pathway were significantly posterior to the inputs to indirect pathway neurons (0.63 mm ± 0.11 mm rostral to bregma for D1R-Cre mice, 0.93 mm ± 0.06 mm for D2R-Cre mice, p = 0.03 by two-tailed t test). One D1R-Cre mouse with considerable prefrontal input had significantly shifted center of gravity compared to all other animals (p < 0.05 via Grubbs' outlier test) and was removed from visual comparison (with outlier removed, center of gravity was 0.54 mm ± 0.07 mm for D1R-Cre mice, versus 0.93 mm ± 0.06 mm for D2R-Cre mice, p = 7 3 10 À4 by two-tailed t test, Figure 4H ; outlier is indicated by faded circle). The dashed line delineates the border between primary somatosensory and primary motor cortex at the sagittal slice containing both cohorts' center of gravity (2.04 mm lateral from the midline). Both the lateral-medial and dorsal-ventral center of gravity positions were nearly identical between D1R-Cre and D2R-Cre mice (LM: 2.08 mm ± 0.10 mm lateral from the midline versus 2.05 mm ± 0.07 mm for D1R-Cre versus D2R-Cre mice, DV: 2.07 mm ± 0.05 mm deep from bregma versus 2.07 mm ± 0.06 mm). These data indicate that more posterior cortical structures (somatosensory and limbic cortices) provide more input to the direct pathway, whereas more rostral cortices (namely, primary motor cortex) provide stronger input to the indirect pathway.
To verify that the small differences in injection site were not responsible for the observed differences in cortical input, we examined the degree of correlation between the anteriorposterior position of the center of the striatal injection site and the anterior-posterior center of gravity of cortical input across all cell types (n = 19). We determined that injection site location predicted less than 5% of the variance in cortical input location ( Figure S2 ). As expected, the cortical center of gravity for D1R-Cre mice fell below the best-fit line for 7 of 9 animals, whereas cortical center of gravity for D2R-Cre mice fell above the bestfit line for 7 of 10 animals. These observations indicate that cell type identity is much more likely to be the major contributor to cortical input specificity.
No Difference in Proportion of Cortical Layer Input to Direct-or Indirect-Pathway Projection Neurons
It is known that two morphologically distinct types of corticostriatal pyramidal cells exist, which have been proposed to differentially innervate striatal projection neuron subtypes (Lei et al., 2004; Reiner et al., 2003) . Intratelencephalic-type (IT-type) pyramidal neurons project to both ipsilateral and contralateral striatum, whereas another type of corticostriatal neuron only projects to ipsilateral striatum but also sends projections along the pyramidal tract (PT-type). There is some evidence to suggest that these two cell types may preferentially reside in different cortical layers in rats (Lei et al., 2004; Reiner et al., 2003) , although there are also studies in both mice and rats suggesting that PT and IT neurons largely inhabit the same cortical layers (McGeorge and Faull, 1987; Sohur et al., 2012) . To determine whether different cortical layers preferentially targeted the direct or indirect pathway, we documented the levels of layer 2/3, superficial layer 5, and deep layer 5 monosynaptic inputs onto either D1R or D2R-expressing MSNs.
When examined across the four cortical regions that provided the greatest input to dorsal striatum ( Figure 4I ), direct-and indirect-pathway MSNs received similar proportional levels of input from each cortical layer (S1, primary somatosensory cortex; M1, primary motor cortex; M2, secondary motor cortex; PFC, insular and orbitofrontal cortices; p > 0.15 for all individual cortical region/layer D1R versus D2R comparisons by two-tailed t test). Furthermore, there was no significant difference in terms of overall cortical input strength from any specific input layer. For layer 2/3, inputs were 19.3% ± 2.5% versus 23.3% ± 2.1% of overall cortical inputs from D1R versus D2R, mean ± 1 SEM, p = 0.2 by two-tailed t test. For superficial layer 5, including all layer 5 input from prefrontal regions, inputs were 56.7% ± 2.6% versus 55.7% ± 2.7%, p = 0.8. For deep layer 5, inputs were 10.4% ± 3.0% versus 8.2% ± 1.1%, p = 0.5. Contralateral corticostriatal input was too sparse for statistical comparison, but for the animals with greatest overall cortical label, contralateral inputs comprised 5.2% ± 2.7% of cortical input in D1R-Cre mice (n = 3, mean ± 1 SEM), and 8.1% ± 2.8% of total cortical input in D2R-Cre mice (n = 5). The overall distribution of corticostriatal inputs to the targeted striatal region was validated by injecting a G-deleted rabies virus with native glycoprotein on its surface ((B19G)SAD-DG-mCherry). This virus acts as a traditional (legend continued on next page)
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Striatal Projection Neuron Input Specificity retrograde tracer, which is taken up nonspecifically at axon terminals when injected into a brain region of interest. Retrograde tracer rabies virus injections demonstrated similar layer input patterns to those discovered using the cell-type-specific, monosynaptic rabies virus ( Figure S3 ). These results demonstrate that each cortical layer similarly innervates both the direct and indirect pathways, and in conjunction with observations regarding contralateral input, suggest that the two corticostriatal projection cell types do not provide biased synaptic input to either the direct or indirect pathway. Both the strength of cortical layer input and cortical region input are summarized in Figure 4J . Although cortical structures provided similar layer input to both the direct and indirect pathways, more frontal cortical structures provided a greater proportion of superficial input compared to primary somatosensory and motor cortices. Overall, motor cortex preferentially innervates the indirect pathway, whereas somatosensory and limbic cortices provide biased input to the direct pathway. This information bias could be propagated to downstream basal ganglia structures targeted by direct and indirect pathway MSNs.
Thalamic Input into the Striatum Does Not Show Biased Connectivity
The other main source of excitatory input into the striatum arises from glutamatergic thalamostriatal afferents; various thalamic nuclei provided approximately 25% of the total input neurons in our experiments. Of these nuclei, the parafascicular (PF) nucleus and the medial dorsal (MD-MDL) nuclei of the thalamus provided the strongest input, with considerable remaining input from the central (CM-CL), ventromedial (VM), anterior medial (AM), and anterior lateral (AL) nuclei. These results are summarized in Figure 5 ; thalamic sections were manually registered via scaled rotation at 1/6 sampling density to provide a representative map of thalamic input neurons. All thalamic nuclei provided similar input to both direct and indirect pathway MSNs; of the two largest input structures, the parafascicular nucleus provided 46.9% ± 3.7% versus 55.0% ± 4.7% of total thalamic input to D1R versus D2R-expressing neurons, mean ± 1 SEM, p = 0.2 by two-tailed t test, and the medial dorsal nuclei provided 37.3% ± 3.2% versus 28.8% ± 3.9% of total thalamic input to D1R-Cre mice versus D2R-Cre mice, p = 0.1.
The Amygdala Preferentially Innervates Direct-Pathway MSNs
Both the central and basolateral nuclei of the amygdala are known to innervate the striatum (Kelley et al., 1982; McDonald, 1991; Pan et al., 2010) , but the specificity and relevance of this input stream is not well understood. The amygdala provided considerably stronger synaptic input to the direct pathway (mean 4.3% ± 1.4% of total inputs for D1R-Cre, versus 0.1% ± 0.1% for D2R-Cre mice, p = 0.02 by one-tailed Wilcoxon ranksum test, z = 2.16, U = 18. Nonparametric statistical test used because D2R input is floored near zero). Amygdala inputs were manually registered via scaled rotation at 1/2 sampling density (Figure 6 ), demonstrating biased input from both basolateral and central nuclei onto direct pathway MSNs. This observation mirrors the biased limbic cortical synaptic input to the direct pathway described in Figure 4 . These results suggest that the limbic system, including both limbic cortex and amygdala, may convey affective value information to the striatum, biasing action selection preferentially through the direct pathway, consistent with a role for the direct pathway in reinforcement (Kravitz et al., 2012; Stuber et al., 2011) . Although we targeted the direct versus indirect pathway independently of striosomal organization, our results regarding preferential innervation of the direct pathway from limbic structures parallels evidence in the striosomal literature; intriguingly, limbic cortices (Gerfen, 1984 (Gerfen, , 1989 Jimenez-Castellanos and Graybiel, 1987) , and the amygdala (Ragsdale and Graybiel, 1988 ) are thought to preferentially innervate striosomal compartments, which may themselves be preferentially populated with direct-pathway-like MSNs that project to the SNc, as well as to the SNr, GP, and EP (Fujiyama et al., 2011) . These results, in conjunction with our own experiments, suggest that both target cell location within the striosome-matrix dichotomy (Kincaid and Wilson, 1996) and neuronal cell type may interact to generate fine-scale organization within the dorsal striatum.
Monosynaptic Rabies Virus Labels a Small Proportion of Total Dopaminergic Input to the Dorsal Striatum
We examined the strength of synaptic dopaminergic input from the substantia nigra onto striatal projection cells. Surprisingly, we observed that a relatively small proportion of total labeled inputs arose from the substantia nigra pars compacta (SNc), but that SNc similarly innervated both direct-and indirectpathway MSNs. When using the monosynaptic rabies virus system, only 0.8% ± 0.3% of the brain-wide inputs arose from SNc onto either direct-or indirect-pathway MSNs (Figures 3 and 7C) . Figure 7A shows a representative image of substantia nigra in a D1R-Cre mouse. As expected, dense striatonigral axon fibers from direct-pathway MSNs are detectable in substantia nigra pars reticulata (SNr), but relatively few retrogradely labeled neurons are visible in pars compacta. In D2R-Cre mice, few if any fibers were detected in SNr, as expected for targeting indirectpathway MSNs ( Figure 7B ). Again, relatively few retrogradely labeled neurons were detected in SNc.
To determine whether these values differed from the overall levels of dopaminergic innervation to striatum, we sampled the (I) Summary diagram showing the relative contribution of different cortical layers to striatal input for four different cortical areas in the plane of slice containing the cortical center of gravity (ordered from rostral to caudal). Within a given cortical region, each cortical layer provided similar proportions of synaptic input to the direct and indirect pathways, even though total proportion of inputs could be dramatically different (see Figure 3) . More rostral brain structures provided more superficial input than more caudal cortical areas. ND: not determined, representing the portion of labeled neurons whose layer identity could not be accurately determined, largely due to plane of slice providing ambiguous layer information. (J) Summary image diagrams both the relative strength of layer input from major cortical input structures (shaded in tan) as well as the relative amount of input streaming from each cortical area onto direct (red) and indirect (blue) motor pathway MSNs, as well as the downstream targets of these MSNs. See also Figures S2 and S3 . proportion of brain-wide inputs arising from the SNc using a similar rabies virus that functions as a traditional retrograde tracer. When utilizing the rabies virus as a traditional retrograde tracer, virus particles are injected at high titer into the brain region of interest, spread through the extracellular space, and are then taken up at axon terminals ( Figure 7F, top) . We noted not only a large absolute number of labeled neurons in the SNc using this method ( Figures 7D and 7E ), but also that the proportion of labeled SNc cells compared to the total number of labeled neurons in the brain was much higher than observed using the monosynaptic rabies virus. Our data indicated that 7.6% ± 0.3% (mean ± SEM, n = 5) of the total input neurons labeled in the brain using this assay arose from SNc ( Figure 7F, bottom) . These values very closely mirror the estimated proportion of labeled neurons in SNc using other retrograde tracers (Pan et al., 2010), as well as the overall proportion of dopaminergic axon terminals in striatum previously determined through EM (Groves et al., 1994) . This indicates that rabies virus is very efficiently taken up at dopaminergic axon terminals, suggesting that monosynaptic spread of rabies virus from direct-or indirectpathway MSNs is limited by some other factor (see Discussion). Furthermore, the similar amount of synaptic input to direct versus indirect-pathway MSNs indicates that differential dopamine signaling in MSN subtypes does not arise from differences in anatomical connectivity.
Other Striatal Inputs
The dorsal raphe nuclei provided some synaptic input to both pathways (1.1% ± 0.8% in D1R-Cre mice, 0.1% ± 0.1% in D2R-Cre mice) but the total number of synaptic inputs was relatively small. The small amount of serotonergic input again suggests that neuromodulatory streams may provide relatively little direct synaptic input to striatal MSNs. However, the small total number of counted inputs, combined with high variability in labeling, prevented a direct statistical comparison between synaptic and total serotonergic input. Direct serotonergic input to the dorsal striatum has been previously described (Pan et al., 2010; Vertes, 1991) , but its potential functional roles are only beginning to be explored (Di Matteo et al., 2008) .
Minor inputs (<1% of total inputs, but documented in at least three animals), were also documented from the pedunculopontine tegmental nucleus (PPTg), subthalamic nucleus, hypothalamus, and basal nucleus of Meynert. The projection from PPTg to the dorsal striatum has been described in other animal models (Nakano et al., 1990; Saper and Loewy, 1982) , suggesting that PPTg to dorsal striatum connectivity is highly conserved across species. The subthalamic nucleus has also been shown to provide some direct input to dorsal striatum in mice (Pan et al., 2010) , indicating high levels of interconnectivity between mouse basal ganglia nuclei. Inputs from the hypothalamus and basal nucleus of Meynert represented the sparsest data from our data set (when sampled at half density, one cell each was detected in three animals total). These noncanonical input structures would need more evidence to conclusively demonstrate the existence of these connections. Genetically targeted monosynaptic RV efficiently spreads at many types of synapses (see Figure 3) , but less than 1% of labeled inputs arise from SNc.
(D and E) Substantia nigra in C57 control mice injected in the striatum with a retrograde tracer rabies virus expressing mCherry. When rabies virus is taken up nonspecifically at axon terminals in striatum, many dopaminergic cells are labeled in SNc.
(F) Diagram of rabies virus as a traditional retrograde tracer, which is taken up at axon terminals near the viral injection site. When injected into dorsal striatum, nearly 8% of retrogradely labeled cells are found in SNc, indicating that rabies virus is efficiently taken up at dopaminergic axon terminals. When compared to (C), these observations suggest that either the extracellular space or the dendritic composition in starter cells prevents monosynaptic rabies virus from spreading to the majority of apposed dopaminergic terminals. Scale bar = 100 mm and applies to (A), (B), (D), and (E).
DISCUSSION
We built brain-wide maps of inputs to the two main projection cell types in striatum, discovering both striking similarities and notable differences in the patterns of synaptic input to the direct or indirect pathway that were not observable using standard anatomical approaches. Cortical and limbic structures provided biased proportions of synaptic input to the two basal ganglia pathways, whereas individual cortical layers, thalamic nuclei, and dopaminergic input were largely equivalent across the two classes of striatal MSN. By using genetic tools to segregate the inputs to D1R and D2R-expressing MSNs, we demonstrated that information segregation into the basal ganglia occurs before the level of the striatal medium spiny neuron, and that different brain structures vary in degree to which they preferentially innervate specific target cell classes in the striatum.
Potential Roles for Asymmetric Input into Dorsal Striatum
The specific roles of the direct and indirect pathways in behavior have been debated for decades, and identification of the sources of synaptic inputs to these circuits may provide fresh insight into their function. Classical models of the basal ganglia have suggested that the direct pathway facilitates, whereas the indirect pathway suppresses, movements and actions (Albin et al., 1989; DeLong, 1990 ), yet their roles are surely more complex than this. Modeling and evidence from reinforcement paradigms suggest that, within specific contexts, the direct pathway may facilitate previously-rewarded actions, whereas the indirect pathway may suppress previously-unrewarded actions (Bromberg-Martin et al., 2010; Frank et al., 2004; Hikida et al., 2010; Kravitz et al., 2012) . Such a scheme relies on an integration of motor, sensory, and reward information, yet little is known about how this information is relayed to the basal ganglia or how it might affect specific cell types (Fee, 2012) . Dopamine is hypothesized to oppositely act on direct-and indirect-pathway MSNs via distinct signaling through Gs-coupled D1 and Gi-coupled D2 receptors (Gerfen et al., 1990) , but differential actions of motor and sensory afferents on MSN subtypes has not, to our knowledge, been proposed.
Here, we find differential innervation of indirect-pathway MSNs by motor cortex afferents, whereas inputs transmitting contextual information (sensory/limbic) preferentially innervate direct-pathway MSNs. This architecture suggests a model of basal ganglia function in which action information (e.g., efference copy) is differentially transmitted to the indirect pathway, potentially to suppress competing actions, or to prime the animal to switch to the next step in an action sequence. In contrast, contextual information, encompassing sensory information (from somatosensory cortex) and valence (from amygdala) may be preferentially routed to the direct pathway to select or initiate actions, based on past experiences in similar contexts. However, as with any anatomical labeling technique, we must be careful extrapolating physiological significance for an entire brain structure from anatomical data alone, particularly given that we only sampled from a restricted, slightly laterally biased region in dorsal striatum.
We did not detect differential input to direct-or indirectpathway MSNs from specific cortical layers, which have been proposed to contain different types of corticostriatal projection cells, nor did we see an obvious bias from our limited sample of contralateral cortical input. These results run counter to a previous study that identified preferential input from intratelencephalic-projecting corticostriatal cells onto the direct pathway and PT-type input to the indirect pathway, based on the diameter of corticostriatal axon terminals (Lei et al., 2004) . In contrast, our data are consistent with electrophysiological studies demonstrating similar effects on direct-and indirectpathway MSNs after stimulation of the IT-type cortical neurons in the contralateral hemisphere (Ballion et al., 2008) .
Literature regarding the layer segregation of PT and IT cells is mixed; although studies have documented a preponderance of IT cells in layer 2/3 and superficial 5 of rat cortex (Lei et al., 2004; Reiner et al., 2003) , previous documentation in rats (McGeorge and Faull, 1987) , as well a recent study in mice suggests that IT cells are distributed throughout layer 5, with relatively few cells in layer 2/3 (Anderson et al., 2010; Kiritani et al., 2012; Sohur et al., 2012) . This distribution may also vary by cortical area, suggesting that layer identity may not be a particularly effective means for identifying corticostriatal neuronal subtype across many cortical regions in the mouse.
Synaptic Dopamine
Although we observed monosynaptic input from SNc onto both direct-and indirect-pathway MSNs, further examination using a rabies virus in a traditional retrograde tracer mode indicated that monosynaptic rabies virus only labeled a small proportion of the nigrostriatal input to our injection site. Rabies virus as a retrograde tracer is injected and taken up nonspecifically at any axon terminals near the injection site ( Figure 7F, top) . In contrast, the monosynaptic rabies virus used in the rest of this paper must be synthesized in the postsynaptic cell, trafficked to the postsynaptic membrane, fuse with the postsynaptic membrane, spread across the extracellular space, and then be taken up by the presynaptic axon terminal ( Figure 7C, top) . Although the absolute efficiency of these two systems is quite different, the overall proportions of input from a given brain region should be similar unless some element is specifically facilitating or preventing the monosynaptic rabies virus from spreading at a particular connection. Given rabies virus' known broad tropism (Callaway, 2008; Ugolini, 2010) , our demonstrated ability for rabies virus to be taken up at dopaminergic axon terminals ( Figure 7F, bottom) , and the broad labeling of many other types of traditional synapses using the monosynaptic rabies virus (Figure 3 ), the observed difference in ability of the monosynaptic rabies virus to spread from striatal neurons to SNc inputs is likely due to either a difference in the ability of the rabies virus to be recruited to most dendritic sites apposed to dopaminergic terminals, or that the extracellular space between the dopaminergic axon terminal and the striatal MSN does not allow for monosynaptic rabies virus particles to effectively traverse.
Previous EM evidence suggests that both of these considerations may come into play; although some dopaminergic terminals have been documented to form connections onto the spines of MSNs, many dopaminergic terminals have been found apposed to dendritic shafts with no detectable electron-dense postsynaptic structure (Descarries et al., 1996; Groves et al., 1994; Hanley and Bolam, 1997) . Furthermore, the extracellular space between the dopaminergic axon terminal and the putative postsynaptic site is frequently found to lack the tight junctional coupling that is one of the hallmarks of traditional chemical synapses at the EM level (Descarries et al., 1996) . These observations, in addition to data suggesting a high degree of spread of dopamine from dopamine axon terminals (Cragg and Rice, 2004; Rice and Cragg, 2008) , as well as observations showing the very high affinity of dopamine receptors for low concentrations of extracellular dopamine (Richfield et al., 1989) , have previously been used to argue for a ''volume transmission'' mode of signaling for the nigrostriatal dopamine projection (Arbuthnott and Wickens, 2007; Rice et al., 2011) . This model proposes that in addition to traditional chemical synaptic signaling, dopaminergic neurons also release dopamine extrasynaptically to modulate multiple neurons over a large physical space. Our findings are consistent with this dual-transmission model; however, we cannot rule out the possibility that the postsynaptic membrane apposed to dopaminergic terminals is simply extremely specialized and selectively blocks effective recruitment of nascent rabies virus particles to this synapse.
Technical Considerations
We must emphasize that although we discovered differences in the relative proportion of labeled input cells from certain brain structures onto either the direct or indirect pathway, this technique alone does not provide conclusive information regarding the physiological importance of this biased connectivity. Indeed, since the virology of rabies virus spread is incompletely understood, we cannot even be completely certain of the anatomical substrate for these documented differences in input strength from various brain structures. These values could potentially be associated with a number of factors, including total synapse number, total surface area of synaptic contacts, or other incompletely understood parameters associated with the retrograde spread of rabies virus (Callaway, 2008; Ugolini, 2010) . Furthermore, since there is broad topographic organization of projections into dorsal striatum, it is possible that other regions of striatum that were not targeted in our experiments could show differing patterns of input organization. Instead, we should treat these data as a resource for generating predictive hypotheses for the organization of inputs into the dorsal striatum, which can then be probed using functional techniques.
EXPERIMENTAL PROCEDURES
All methods using live animals described below were in accordance with protocols approved by the Salk Institute and University of California, San Francisco Institutional Animal Care and Use Committees.
Virus Production
Cre-dependent helper viruses expressing TVA and rabies glycoprotein (pAAV-FLEX-hGTB [Addgene #26196] and pAAV-EF1a-FLEX-GTB [Addgene #26197]) were produced either by the Salk Viral Vector Core (hGTB), or through transfection and crude lysis isolation of HEK293T cells (GTB) as in . EnvA-pseudotyped, G-deleted rabies viruses were produced in a manner similar to that described in Wickersham et al., 2010) . Additional information can be found in Supplemental Experimental Procedures.
Animal Surgery and Viral Injection Parameters D1R-Cre (GENSAT BAC transgenic EY262) and D2R-Cre (GENSAT BAC transgenic ER44) mice (Gong et al., 2007) were maintained in a C57Bl/6 background and selected for experiments when animals were 2-6 months of age. For all experiments, age-and sex-matched C57Bl/6 mice were used as controls. Injections were performed as in . All mice received 180 nl monohemispheric injections of AAV expressing TVA and RG at the following coordinates (all values given relative to bregma): 0.5 mm rostral, 2.0 mm lateral, 3.25 mm ventral, and allowed to recover for three weeks prior to rabies virus injection. (EnvA)SAD-DG-mCherry rabies virus was injected under the same conditions and injection volume as the initial AAV injection. Rabies virus was allowed to replicate and spread for 7 days prior to perfusion and tissue processing. For retrograde tracer experiments, 180 nl of (B19G) SAD-DG-mCherry was injected into dorsal striatum using the same parameters as above, and allowed to incubate for 7 days prior to perfusion and tissue processing.
Tissue Processing
To preserve brain tissue for imaging and subsequent analysis, animals were intracardially perfused with 30 ml solution containing 4% paraformaldehyde in 0.1M phosphate buffer (pH 7.2). After perfusion, the brain was isolated and transferred to a post-fixative solution containing 4% paraformaldehyde and 30% sucrose in phosphate-buffered saline (PBS), and then incubated overnight at 4 C on a rotating shaker.
Forty micrometer brain sections were prepared using a microtome with freezing stage, and tissue was separated into 4-6 groups to allow for multiple tissue manipulations. Most brains were cut sagittally in order to better visualize striatonigral projection axons, as well as frontal cortex layer boundaries. However, some brains were instead cut coronally to better delineate cortical layer borders near the midline and in very lateral cortical regions. Tissue groups that were not used immediately were placed in a cryopreservative solution (30% glycerol, 30% ethylene glycol in PBS) and stored at À20 C.
Fixed tissue was immunostained using a standard protocol. To preserve mCherry signal, we used a rabbit polyclonal antibody against DsRed (1:250, Clontech) and amplified with a Cy3-conjugated anti-rabbit secondary antibody (Jackson ImmunoResearch). To visualize cell bodies and perikarya, tissue was also labeled with a fluorescent Nissl stain (Neurotrace 500/525, Invitrogen) at 1:500 dilution in PBS for 15 min after immunostaining. Immunostained tissue was mounted on chrome-gelatin subbed slides and allowed to dry overnight. Tissue was then dehydrated and defatted using a series of ethanol and xylenes immersion steps. Slides were then coverslipped using Krystalon (Harleco, Gibbstown) mounting medium and glass coverslips.
SUPPLEMENTAL INFORMATION
Supplemental Information includes three figures and Supplemental Experimental Procedures and can be found with this article online at http://dx.doi. org/10.1016/j.neuron.2013.05.014.
